The controlled growth of ZnO nanorods on technologically relevant substrates is essential for their practical integration into next generation optoelectronic and piezoelectric devices. In this report, highly ordered and uniform vertical ZnO nanorod arrays were synthesized using a facile, low temperature selective area wet chemical growth process.
Introduction
Between the beginning of the millennium and 2013, the research interest in quasi one dimensional ZnO crystals such as nanowires (NWs) and nanorods (NRs) continuously grew each year, as indicated by the number of published scientific papers. At the beginning, investigations were mainly focused on their interesting optical properties and UV light emission [1] , which were later extended to include the exploration of electrical [2] , mechanical [3, 4] , and coupled electromechanical properties [5] . Besides this progress, several synthesis methods have also been demonstrated, among which are high temperature physical vapor deposition [6] , vaporliquid-solid [7, 8] , metal-organic chemical vapor deposition (MOCVD) [9] [10] [11] , pulsed laser deposition [12] , and low temperature aqueous chemical growth techniques [13, 14] . Several potential applications have also been demonstrated, such as UV light-emitting diodes [15, 16] , UV lasers [17] and photodetectors [18] , nanopillar lenses [19] , dye sensitized solar cells [20] , and electromechanical force/tactile sensors [21] .
Despite the above mentioned enormous research and great potential of ZnO nanostructures, their intro- * Correspondence: volk@mfa.kfki.hu duction into optoelectronic or microelectronic products has not been attained yet. One of the major obstacles, similar to ZnO thin films, is the lack of stable p-type doping. The other technological challenge is related to the integration of tiny ZnO building blocks into conventional Si or sapphire substrate based microelectronic devices. For Si CMOS technology the allowed temperature is limited to around 400
• C after metallization, excluding high temperature dry chemical NW synthesis. Moreover, the integration of ZnO NWs in the existing semiconductor technology requires excellent geometrical uniformity, precise position and alignment control, and high packing density. Selective area wet chemical grown (SAWCG) vertical ZnO NRs have great potential to fulfill all of these requirements. Here we summarize our efforts toward the growth of position controlled vertical ZnO NR arrays on different substrates ranging from ZnO single crystal as ideal homoepitaxial template to more economical ZnO coated sapphire and Si substrates. The compared structures are promising for various novel optoelectronic and integrated piezoelectric sensor devices.
Moreover, a highly conductive seed layer beneath the NR enables the accurate piezoelectric investigation of individual ZnO nanocrystals by minimizing the serial resistance of the template. Section 4 describes the results of piezoresponse force microscopy carried out on NRs grown on a highly conductive Pt/ZnO template.
Selective area wet chemical growth of ZnO nanorods
Highly uniform SAWCG NR arrays were first realized on Zn-polar (0001) and O-polar (0001) ZnO single crystals (supplied by Furuuchi Chemicals). The process flow for the fabrication of the ZnO NRs is shown in Figure 1 and reported in [22] . Each seed surface was first washed ultrasonically in acetone, ethanol, and deionized water (Figure 1a) . In order to provide patterned templates for subsequent NR growth, a ∼ 250 nm thick poly(methyl methacrylate) (PMMA) resist layer was spin coated onto each seed surface, and a regular triangular or honeycomb lattice was exposed using the Elionix 7500 or JEOL IC 848-2 electron beam lithography system (Figure 1b) . The patterned area of 150 µ m × 150 µ m consists of circular growth windows with a diameter of about 120-130 nm, while the center-to-center distance was in the range of Λ = 250-500 nm. The ZnO NR arrays were synthesized at 85-95
• C for 0.5-3.5 h in an aqueous solution of zinc nitrate hexahydrate (Zn(NO 3 ) 2 ·6H 2 O) (4 mM) and hexamethylene tetramine ((CH 2 ) 6 N 4 ) (4 mM) (Figure 1c ). The specimen was mounted upside-down on a polytetrafluoroethylene sample holder in order to prevent any precipitates that formed in the nutrient solution from falling onto the substrates (which would have inhibited the growth of the NRs). After the synthesis process, the PMMA layer was removed in acetone and the specimens were thoroughly rinsed with deionized water (Figure 1d ). The scanning electron microscopy (SEM, Zeiss 1540XB) image in Figure 2a shows an excellent geometrical uniformity of the NRs, which are aligned normal to the surface. The SEM image taken on some intentionally fractured NRs in Figure 2b reveals a hexagonal prism shaped upper part surrounded by nonpolar {1 100} faces and a ∼ 250 nm long cylindrical lower segment that appears to have been formed in the nucleation window of the PMMA layer. Beyond the c-axis alignment, the wurtzite type NRs show a coherent in-plane orientation as well, which was dictated by the crystal orientation of the single crystal ZnO as seen in Figure 2c . We have found that by changing the hole diameter in the PMMA and the growth time, the diameter and the length of the NRs can be tuned in the ∼ 90-250 nm and ∼ 0.5-3.5 µ m ranges, respectively. The polarity of the NRs can also be controlled by growing on either the Zn-or O-polar surface of the c-plane ZnO. Zn-polar growth is accompanied with a somewhat lower growth rate compared to the O-polar case and a less tapered NR geometry as reported by Gautam et al. [23] . In case of insufficient spacing between the nucleation windows on O-polar ZnO crystal, the notable lateral growth can also result in coalescence of the crystals and formation of a continuous layer as seen in Figure 2d . In contrast to the Zn-polar surface, well separated slightly tapered NRs were grown ( Figure   2c ) on the O-polar surface. It is worth noting that the diameter of the NRs is limited by the resolution of electron beam lithography and not by the wet chemical growth process. For instance, by means of atomic force microscopy lithography, the hole diameter in the thin PMMA layer and thus the diameter of the grown NR can be downsized to 30 nm as reported by Volk et al. [24] .
Although, as it was shown above, SAWCG on single crystal ensures excellent crystallographic alignment and geometry control, to make the synthesis compatible with the existing CMOS and compound semiconductor technologies it has to be adapted to less expensive Si and sapphire substrates. Hence, in the next section, the effects of the substrate and seed layer covering it are addressed.
The effect of seed layer
After unsuccessful attempts of SAWCG directly on different surfaces including Si(111), glass, Si 3 N 4 , thermal SiO 2 , GaN, sapphire, and Al, we concluded that a proper seed layer is a necessary requirement for aqueous wet chemical growth. Until now, we have found only ZnO as a proper seed layer, but we cannot exclude other candidates that may come along, e.g. those with lattice matching and thermodynamically favorable surfaces. In the following, we compare the previously described all-ZnO nanorod arrays (denoted as 'Bulk') with 4 different ZnO seed layers.
The first ZnO seed layer investigated was grown by atomic layer deposition (ALD) on a relatively thick (∼6 µ m) epitaxial MOCVD GaN film (TDI Corporation) on c-sapphire (denoted as 'ALD/GaN'). The seed layer was grown with 500 ALD cycles at 300
• C deposition temperature as reported by Baji et al. [25] .
The second layer variety, a highly Ga doped ZnO layer (denoted as 'MBE/sap') was deposited by an SVT Associates molecular beam epitaxy (MBE) system equipped with a commercial plasma O-source by Addon. After deposition of a thin low temperature undoped ZnO nucleation layer, Zn and Ga effusion cells were employed and set to 350
• C and 600
• C, respectively, to grow the highly Ga doped ZnO layer. During growth, the substrate temperature was 400
• C at an oxygen pressure of 3.7 × 10 −6 Torr [26] .
The third ZnO seed layer variety was grown by pulsed laser deposition (PLD) onto Si(111) wafer (denoted as 'PLD/Si') using a KrF excimer laser (248 nm) [27] . The fourth and last seed layer investigated was grown on a Si(100) wafer in Ar/O 2 atmosphere by DC reactive magnetron sputtering of an Al doped (2 wt.%) Zn target (denoted as 'Sputt/Si'). In order to stabilize the glow discharge, a pulse signal was added to the direct current voltage. The deposition was carried out without bias or substrate preheating [28] . It should be noted that no attempt was made to remove the native amorphous SiO 2 passivation layer from Si substrates of PLD/Si and Sputt/Si. The parameters of the compared seed layer are summarized in the Table. Before nanostructure growth, the surface of the substrates was studied by atomic force microscopy (AFM) in semicontact mode (AIST-NT, SmartSPM 1010). The same SAWCG growth was carried out on each seed layer as described above with a triangular lattice ( Λ = 500 nm) of growth windows, at a growth temperature of 85
• C and growth time of 3.5 h. The only exception was the MBE/sap seed case where the diameter of the windows on the seed was 200 nm in contrast to 120 nm used for other seed layers.
The SEM images in Figures 3a-3j show that while all the growth experiments resulted in regular arrays of NRs with ∼2 µ m length and 100-300 nm diameter, depending on the seed layer they have different NR morphologies and orientations. The NRs grown on the Bulk (Figure 3a and 3f) , ALD/GaN (Figure 3b and   3g ), MBE/sap (Figures 3c and 3h) , and PLD/Si (Figures 3d and 3i) were aligned normal to the surface, while those on Sputt/Si (Figures 3e and 3j ) exhibited a greater dispersion in their orientation. Moreover, the NRs grown on the Bulk, the ALD/GaN, and the MBA/sap showed a common relative orientation of their hexagonal crystal facets on the surface (Figures 3a-3c ). Closer observation of the NR grown on the Sputt/Si (Figures 3e   and 3j ) and PLD/Si (Figures 3d and 3i ) also revealed that, in some cases, multiple NRs grew in a given growth window. and Sputt/Si seed layers, since they are comparable to or lower than the diameter of the e-beam lithography patterned growth windows. Thus, it is very likely that more than one grain in the seed layer can nucleate in a single growth window. The Bulk, ALD/GaN, and MBE/sap substrates have significantly smoother surfaces (Table) and larger grain sizes (Figures 4a-4c ). This could explain the common relative orientation of the NR hexagonal crystal facets as the result of epitaxial growth of the NRs on grains large enough to include many growth windows. It can therefore be concluded that the alignment and crystal orientation of the ZnO NRs is determined by the local crystal quality of the seed layer. This finding is in good agreement with the quantitative XRD results of Erdélyi et al. [29] .
Piezoresponse measurements
For the piezoelectronic investigation, a dedicated ZnO NR array was grown on a highly conductive (2.3 Ω /sq) c-axis textured ZnO/Pt (220 nm/100 nm) double layer coated c-sapphire. Further details about the template can be found in the work of Kim et al. [30] . The grown NRs showed good c-axis alignment and polycrystalline nature (Figure 5a ), which can be ascribed to the uniaxial texture of the (111) Pt layer. In order to avoid the fracture of the NRs in contact mode AFM scanning they were infiltrated by spin coated photoresist and partly etched back in oxygen plasma to make their tips accessible for the scanning probe. The piezoelectric activity of individual NRs was characterized by piezoresponse atomic force microscopy, where the mechanical response of the investigated material is recorded on an alternating voltage signal ( Figure   5b ). A SmartSPM 1010 (AIST NT) multimode scanning probe microscope mounted with a conductive AFM tip was used for an excitation signal (52 kHz, 6 V). In order to determine the d 33 constant of the piezoelectronic tensor represented by a 3 × 6 matrix in Voigt notation for the NR, the major part of the applied voltage has to drop across the NR, which necessitates that the resistance of the substrate is minimized.
The obtained height (Figure 5c ) and the corresponding piezoresponse (Figure 5d ) image show that the maximal piezoresponse values were obtained at the tip of the nanorods. The calculated d 33 values of the piezoelectronic tensor were in the 6-12 pm/V range. These values are similar to the results reported by Scrymgeour et al. [31] and close to the bulk value (12.4 pm/V) obtained for Li compensated highly resistive (>10 8 Ωcm) ZnO crystals [32] , which can be regarded as the maximal experimental value for ZnO.
Conclusions
Highly regular ZnO nanocrystal arrays were grown on various seed layers and substrates using a low temperature, selective area wet chemical growth method. The geometry of the NRs and their relative alignment in the array were found to be defined by the seed window and by the growth conditions, while their alignment and crystal properties were determined by the crystalline properties of the ZnO seed layer. Although rather expensive electron beam lithography was used in this particular study to pattern the mask layer, the technique can be easily adapted to other more productive and less expensive methods such as nanoimprint lithography [33] , laser interference lithography [34] , and nanosphere photolithography [35] .
Well oriented NR arrays grown on highly transparent and highly conductive GZO epitaxial layers have great potential in several nanophotonic applications such as nanorod LED or laser cavity pending the availability of stable p-type doping of ZnO NRs. On the other hand, they can also be used as passive optical elements, e.g., to facilitate top surface light extraction from conventional InGaN/GaN and AlGaN/GaN multiple quantum well blue and UV LEDs.
The c-axis oriented nanocrystals, which were grown on Si coated by PLD ZnO, can provide new functionalities for CMOS based hybrid electronic and sensor devices. However, a highly textured layer on lattice mismatched substrates like Si needs a higher deposition temperature (∼ 500
• C) than those on lattice matched substrates, as indicated in the Table. This growth temperature is often intolerable for Si technology after metallization and this problem remains to be solved in the future.
As was pointed out by piezoresponse force microscopy, the wet chemically grown NRs showed relatively high piezoelectric constants (6-12 pm/V), which bodes well for nanomechanical sensors and energy harvesting devices. However, these novel NR based devices still face several challenges, such as the compensation of free carriers and proper metallization schemes for vertical NRs.
